The 3'-terminal region of wheat streak mosaic virus (WSMV) genomic RNA was cloned and a cDNA sequence of 1809 nucleotides upstream of the poly(A) tract was determined. The sequence contains a single open reading frame of 1662 nucleotides and a 3' untranslated region of 147 nucleotides. Translation products from WSMV RNA and WSMV cDNA transcripts were immunoprecipitated by WSMV capsid protein antiserum, indicating that the 3'-terminal region of WSMV RNA encodes the capsid protein.
Introduction
Wheat streak mosaic virus (WSMV) is an important pathogen of wheat in the Great Plains area of the U.S.A. and in other wheat-growing countries (Brakke, 1971; Pfannenstiel & Niblett, 1978; Sim et al., 1988) . The virus is morphologically similar to potyviruses, with long, flexuous virions (700 × 13 nm) containing a singlestranded RNA genome of approximately 8.5 kb (Brakke, 1971) . At least two properties distinguish WSMV from typical potyviruses; WSMV is transmitted by the wheat curl mite Eriophyes tulipae Keifer (Slykhuis, 1953) , whereas potyviruses are typically aphid-transmitted (Hollings & Brunt, 1981) , and the 45K WSMV capsid protein (Lane & Skopp, 1983 ) is considerably larger than the 32K to 36K protein reported for most potyviruses (Hollings & Brunt, 1981) . Despite these differences, WSMV currently is classified as a member of the mitetransmitted, subgroup 3 potyviruses (Hollings & Brunt, 1981) because of virion morphology and the presence of cytoplasmic cylindrical inclusions composed of a 66K protein (Brakke et al., 1987) .
We report here the cDNA cloning, in vitro transcription and translation, and the nucleotide sequence of the Y-terminal region encoding the capsid protein gene of WSMV. Its deduced amino acid sequence is analysed and aligned with capsid protein sequences of a fungustransmitted potyvirus and three aphid-transmitted potyviruses.
Methods
Virus purification and RNA isolation. Seven-day-old N28Ht inbred corn seedlings were inoculated with the H81 isolate of WSMV obtained from D. Seifers, Fort Hays Experiment Station, Hays, Kansas, U.S.A. Ten days post-inoculation, virus was purified from symptomatic tissue as described by Lommel et al. (1982) for purification of carnation mottle virus.
Genomic RNA was isolated from sucrose gradient-purified WSMV virions according to Morris et al. (1979) . Following extraction with organic solvents and ethanol precipitation, RNA was purified by oligo(dT)-cellulose affinity chromatography (Nakazato & Edmonds, 1974) .
cDNA systhesis and cloning. First strand cDNA was synthesized using WSMV RNA as template and oligo(dT) as a primer. Second strands were synthesized using RNase H, Escherichia coli DNA polymerase I and T4 DNA polymerase according to Gubler & Hoffman (1983) . The double-stranded cDNA was tailed with oligo(dC), annealed with PstI-restricted and oligo(dG)-tailed pBR322, and used to transform competent E. coli RR1 cells by the calcium chloride 0000-9921 © 1991 SGM procedure (Maniatis et al., 1982) . Transformants sensitive to carbenicillin and resistant to tetracycline were analysed for the presence of cDNA inserts according to Birnboim & Doly (1979) .
DNA sequencing. A recombinant plasmid (pWS08) containing a clone of approximately 1-8 kb was chosen for sequencing. The WSMV cDNA insert was subcloned into pEMBL 18 + and the DNA sequence of both strands was determined by the dideoxynucleotide chaintermination method (Sanger et al., 1977) using the K/RT System (Promega Biotec) and double-stranded plasmid DNA. Nucleic acid sequence analyses were performed using a Seqaid II program (Rhoads & Roufa, 1985) and published sequence data for the viruses listed in Fig. 4 .
In vitro RNA transcription, translation, immunoprecipitation and protein sequencing. WSMV cDNA inserts from selected recombinant plasmids were subcloned into pGEM 3 (Promega Biotec). Positivepolarity transcripts were synthesized using T7 polymerase as described by Melton et aL (1984) . WSMV RNA and RNA transcripts generated from the cDNA clones were translated using messenger-dependent rabbit reticulocyte lysate (Green Hectares) according to Dougherty & Hiebert (1980a) . The translation products from genomic RNA and RNA transcripts were immunoprecipitated with Staphylococcus aureus strain Cowan 1 cells as described by Dougherty & Hiebert (1980b) using WSMV capsid protein antiserum (Stoddard et al., 1987) .
Purified virus, capsid proteins, translation products and immunoprecipitation products were resuspended in sample buffer (Dougherty & Hiebert, 1980 a) , boiled for 5 min and electrophoresed in a 12-5 % SDSpolyacrylamide gel as described by Laemmli (1970) . Translation and immunoprecipitation products were detected by fluorography.
Capsid protein from dissociated virions was separated by SDS-PAGE, blotted onto Immobilon (PVDF) membrane (Millipore) using the protocol of Matsudaira (1987) and then sequenced directly in an Nterminal fashion. The in situ trypsinolysis was performed according to Aebersold et al. (1987) . Automated Edman degradation chemistry employing an Applied Biosystems Model 470A gas phase sequencer with an on-line Model 120A PTH Analyzer (Foster City) was used to determine the protein sequence (Hunkapiller et at., 1983) .
Results

Characterization o f W S M V protein, R N A and c D N A s
S D S -P A G E analysis of WSMV virions dissociated by SDS and 2-mercaptoethanol resulted in identification of two major capsid protein species of 42K and 36K, with a third minor 32K protein. The two smaller proteins were determined to be a subset of the larger protein by immunoblot analysis (Fig. 1) .
The successful synthesis of cDNAs of WSMV R N A purified by binding to oligo(dT)-cellulose columns by oligo(dT) priming (data not shown) indicated that the WSMV R N A contains a poly(A) tract at its 3' terminus. D N A clones, ranging in size from 200 to 1800 bp, were shown to be complementary to WSMV R N A and to originate at the 3' end of the genome by Southern hybridization with an end-labelled oligo(dT) probe (Stoddard et al., 1987) . Three recombinant plasmids, pWS02 (0.7 kb), pWS03 (1.0 kb) and pWS08 (1.8 kb), were selected from the library for further analyses. Western blot analysis of the gel in (a) using antiserum to WSMV capsid protein.
WSMV R N A directed the in vitro synthesis of a complex polypeptide profile with 130K, 100K, 78K, 54K, 48K, 42K, 35K and 25K major translation products (Fig. 2) . WSMV capsid protein antiserum immunoprecipitated all of the products except the 78K and 48K peptides. T7 transcripts from pWS02, pWS03 and pWS08 generated capsid protein-immunoprecipitable polypeptides, indicating that all three clones contain capsid protein sequence.
Nucleotide sequence o f clone p W S 0 8
Clone pWS08 was selected for nucleotide sequence analysis. The complete sequence of the T-terminal 1809 nucleotides upstream of the poly(A) tract is shown in Fig.  3 , along with the predicted amino acid sequence of the open reading frame (ORF). Computer analysis revealed one large ORF, open at the 5' end and consisting of 1662 nucleotides, followed by a relatively short (147 nucleotides) 3' untranslated region and a polyadenylated (AI 6) 3' terminus. The three tryptic peptide sequences were located within the ORF.
Five potential sites for hydrolysis by a viral-encoded protease [Gln-Gly, Gln-Ser (Q/S) and Gln-Ala (Carrington & Dougherty, 1988) ] are indicated with arrows; all are Q/S dipeptides (Fig. 3) . The potential cleavage site closest to the 3' terminus results in a 288 amino acid protein of 31.7K. The amino acid triplet Asp-(Thr/Ala/ Val)-Gly implicated in aphid transmission and usually located downstream from the capsid protein cleavage site in potyviruses (Atreya et al., 1990) , occurs 11 amino acids downstream from this site in WSMV. Other , 1984) . Several attempts to sequence the N terminus of the full-length capsid protein were unsuccessful. This indicated the presence of an N-terminal blocking group which rendered the protein recalcitrant to Edman sequencing. However, internal sequence information from the three tryptic peptides was obtained which partially confirmed the predicted amino acid sequence of the WSMV capsid protein (Fig. 3, shaded box sequence) .
Comparison of the capsid protein genes of WSMV and potyviruses
The amino acid sequence of the predicted 31.7K WSMV capsid protein was aligned with the published capsid protein amino acid sequences of tobacco vein mottling virus (TVMV; Domier et al., 1986), potato virus Y terminal domains. The extent of alignment of WSMV with capsid protein sequences from at least two of the aphid-transmitted potyviruses ranged from 22 to 25~o. Capsid protein sequences from three other aphidtransmitted potyviruses, Johnsongrass mosaic virus (Gough et al., 1987) , plum pox virus (Maiss et al., 1989) and zucchini yellow mosaic virus (Grumet & Fang, 1990) displayed 18 to 26% identity with WSMV. BaYMV and WSMV capsid proteins displayed only 12 % identity. The capsid protein sequence identity between WSMV and a potexvirus (potato virus X; Huisman et al., 1988) was much less than that between WSMV and the potyviruses. Amino acid residues with similar biochemical properties were found to flank conserved residues near the 3' terminus and the central domains in the WSMV sequence (Fig. 4) .
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Discussion
The translation products directed by RNA and the 3'-proximal cDNA clone T7 transcripts were relatively complex ( Fig. 2) with none of the polypeptides corresponding in size to authentic capsid proteins (Fig. 1) .
Immunoprecipitation of these products with WSMV antiserum supports the conclusion that pWS08 contains the capsid protein cistron. If WSMV uses the same gene expression strategy as potyviruses, native size capsid protein is released from a larger precursor by proteolytic processing. If this is the case, WSMV capsid protein is not encoded by a typical ORF defined by an initiation and termination codon. Therefore, we assume that the observed products directed by the transcripts initiated from internal in-frame methionine codons. By aligning the sequence of pWS08 with TEV and TVMV, we conclude that it does not contain the complete protease cistron. Consequently, functional protease was not synthesized in the in vitro translation mixture. Together, these data suggest that WSMV uses a proteolytic processing strategy to express the T-proximal capsid protein cistron. Although the N-terminal sequence of the full-length capsid protein could not be determined owing to the presence of an unidentified N-terminal blocking group, it was possible to obtain sequence information from three internal tryptic peptides (shown in Fig. 2) . The absolute agreement between the sequence of the peptides and that predicted by the DNA sequence adds confidence that the capsid protein gene was cloned and sequenced and is located at the 3' terminus of the viral genome. Furthermore, the sizes of the proteins predicted from the potential protease cleavage sites are consistent with the values estimated from SDS-PAGE (32K, 36K and 42K; Fig. 1 ).
The single large ORF in the T-terminal region of WSMV RNA which can be translated into a protein consisting of 554 amino acids and containing the capsid protein cistron, as well as the presence of a T-terminal poly(A) tract, are characteristic of potyviruses. However, overall amino acid sequence identity between the WSMV capsid protein and three typical potyviruses was only 22 to 25~, in contrast to the 38 to 71~ range of identities between different aphid-transmitted potyviruses (Shukla & Ward, 1988) . Amino acid sequence identity with another non-aphid transmitted potyvirus (BaYMV) was even less (approximately 12 ~), indicating little relationship between these two viruses.
We did not investigate serological relationships between WSMV and the potyviruses. Shukla et al. (1989) reported a serological reaction between WSMV capsid protein and an antibody to the capsid protein core of Johnsongrass mosaic virus. Using antiserum to the helper component of TVMV, Hiebert et al. (1984) immunoprecipitated two WSMV RNA translation products, suggesting that the WSMV genome contains a possible potyviral aphid transmission helper component analogue. Recent sequence data obtained from a WSMV cDNA clone that is not 3' coterminal with clones containing capsid protein sequence revealed extensive identity with TEV, TVMV, PVY and plum pox virus in the N terminus of the potyviral cylindrical inclusion protein (Zagula et al., 1990) . The consensus sequence for nucleotide binding, GXXGXGKS, which is highly conserved among the four sequenced potyviruses, also is present at the 5' terminus of the WSMV clone.
WSMV shares characteristics with other potyviruses but shows limited capsid protein sequence identity. In view of emerging evidence showing extensive similarity between WSMV and the N terminus of potyviral cylindrical inclusion proteins, and because comparisons based solely on capsid proteins (which represent only a fraction of the total genomic information) may be insufficient, we conclude that WSMV should continue to be considered a member of the potyvirus group.
